Development of infectious diseases within hosts may be shaped by environmental 11 conditions that cause tradeoffs in energetic demands for immune responses against demands for 12 host growth and survival. Environmental conditions may influence these tradeoffs by affecting 13 size of hosts, or tradeoffs may change across seasons, thereby altering the impacts of diseases on 14
models built to assess the impacts of Bd exposure on host populations suggest that Bd exposure 23 at metamorphosis or before overwintering would reduce annual population growth rates by an 24 average of 19% and 41%, respectively. Our study indicates that northern leopard frog hosts 25 suffered little effects of Bd exposures following metamorphosis and that lower host quality did 26 not hamper a frog's ability to respond to Bd. Instead, we provide evidence that Bd exposure can 27 reduce survival and result in population size reductions via reduced recruitment from 28 overwintering mortality, providing a plausible mechanism for enigmatic declines of amphibians 29 in temperate regions. because pathogen defenses including immune responses have not fully developed in juveniles 52 compared to adults (Koop et al. 2013) . 53
Chytridiomycosis, which some suggest is the greatest infectious disease threat on 54 vertebrates in modern time (Murray et al. 2011) , may be amplified by environmental conditions 55 that influence host quality and pathogen virulence. Chytridiomycosis is an infectious disease of 56 amphibians caused by the fungal pathogen, Batrachochytrium dendrobatidis (hereafter, Bd). It 57 can infect hundreds of amphibian species and is present on all continents in which amphibians 58 exist (Olson et al. 2013 ). Exposure to Bd can result in decreased host growth (Caseltine et al. is viewed as a measure of host condition, larger individuals are likely better adapted to sustain 76 the negative effects of pathogen exposures though a superior ability to mount energetically costly 77 immune responses. Yet for amphibians, probability of being infected with Bd can decrease with 78 increasing body size (Murray et al. 2013) , which points to the ability of larger individuals to 79 better defend against pathogens. 80
The objective of the present research is to determine the influence of larval conditions 81 and exposure to Bd from metamorphosis through overwintering on northern leopard frog 82 Atrazine treatments consisted of exposure to 40 µg/L of atrazine (42.2% atrazine; Drexel 108 Chemical Company); ponds assigned to all other treatments were not exposed to atrazine. To 109 reach treatment exposure of atrazine, we dissolved 0.948 g atrazine in 1000 mL of water and 110 added 100 mL of the solution evenly over the surface of the pond on 23 April 2013 111 (experimental day 7). Atrazine treatment falls within the range of expected environmental 112 concentrations and thus represents a realistic exposure (Fairchild et al. 1998 ). To confirm the 113 initial atrazine concentration, we obtained a composite water sample that represented all five 114 mesocosms exposed to atrazine 24 hr after application and sent it to the Mississippi State 115
Chemical Laboratory (Mississippi State, MS, USA). Analyses resulted in a measured 116 concentration of 53 µg/L. For caged-fish treatments, on 15 April 2013 we collected 30 bluegill 117 sunfish (15.7±1.26 cm [mean ± std. dev.]) from Acton Lake (College Corner, OH) via 118 electroshocking. On 23 April (experimental day 7), we added two fish per mesocosm to floating 119 cages made from plastic baskets (64.77 x 45.42 x 25.7 cm) with plastic floats that provided cover 120 for the fish; ponds assigned to all other treatments contained floating cages and cover floats 121 without fish as a sham control. Fish within experimental cages were fed five to ten live northern 122 leopard frog tadpoles weekly. Additional fish were held in two holding mesocosms (1000 L) 123 with water and opaque foam floats that provided cover. In holding mesocosms, fish were fed 124 earthworms ad libitum. Fish from holding mesocosms were rotated into and out of floating cages 125 in experimental ponds weekly. Northern leopard frogs from two mesocosm ponds in the caged 126 fish treatment developed infections of parasitic copepods (possibly Lernea cyrinacea), so 127 individuals metamorphosing from these ponds were excluded from the experiment. Tadpoles 128 were reared in mesocosms through metamorphosis at which point they were transferred to the 129 laboratory. A subsample of northern leopard frogs within each treatment was used in the 130 terrestrial phase of the study. 131
During the terrestrial phase of the experiment that began after metamorphosis and lasted 132 for 12 weeks (until experimental day 343), we housed northern leopard frogs individually within 133 terraria that consisted of 2 L beakers containing layers of pea gravel (~2.5 cm) and topsoil (~4 134 cm) and a small water dish with a fiberglass screen attached to the tops of beakers. Treatments in 135 the terrestrial phase of the experiment were assigned randomly to beakers. Northern leopard 136 frogs were held at 23°C on a 14:10 h light-dark cycle in controlled environment chambers. 137
Metamorphs were fed increasing amounts of crickets dusted in calcium powder that varied 138 between two 0.635 cm and four 1.27 cm crickets three times per week. After 12 weeks, 139 beginning on 11 September 2013 (experimental day 148), we initiated overwintering conditions 140 according to James (2003). In the laboratory, we gradually decreased the amount of crickets 141 provided to the northern leopard frogs for three feeding days until no crickets were provided. 142
Feeding was discontinued before temperatures were dropped to allow for gut clearance and to 143 avoid the possibility of intestinal infection during overwintering. Beginning on 14 September 144 2013 (experimental day 151), we gradually acclimated the northern leopard frogs to 17°C by 145 drawing down the temperature by 1°C every day until experimental day 156; then we held frogs 146 at 17°C until experimental day 163. On experimental day 163 at 17°C, northern leopard frogs 147 were exposed to Bd before overwintering (see below). To initiate hibernation after exposure to 148 Bd, northern leopard frogs were transferred to 2 L beakers with 10 cm topsoil, a layer of leaf 149 litter, and fiberglass screen attached to the tops of beakers and moved to an environmental 150 chamber set to 7°C on experimental day 164. Beakers were haphazardly arranged on shelves for 151 the remainder of the experiment. Northern leopard frogs were held until experimental day 166 at 152 7°C, then temperature was reduced to 6°C for 3 days before it was reduced to 5°C on a 10:14 h 153 light-dark cycle for the remainder of the experiment (25 March 2014, experimental day 343). 154
Each week, we sprayed containers with dechlorinated water to maintain soil moisture during 155 overwintering. 156
Experimental Design and Bd Exposures 157
At metamorphosis, we assigned northern leopard frogs from different larval 158 environments (low leaf litter, high density of conspecifics, 40 µg/L atrazine, caged fish, or 159 control [see above]) to Bd exposure at metamorphosis (present, absent) and before overwintering 160 (present, absent). Larval environment, Bd exposure at metamorphosis, and Bd exposure before 161 overwintering were crossed in a factorial design resulting in a total of 20 treatments. Replication 162 of treatments was uneven because rates of survival and metamorphosis were influenced by larval 163 treatments; therefore, each treatment was replicated between 7 and 10 times for a total of 190 164 experimental units. Bd treatments were assigned randomly to individual frogs within individual 165 treatments. The experimental unit was the individual frog. 166
After metamorphosis on 2 July 2013 (experimental day 77) and before overwintering on 167 27 September 2013 (experimental day 164), we exposed individual frogs to Bd (present or 168 absent) for 12 h. To expose frogs to Bd, we placed individuals in ventilated plastic Petri dishes 169 with 7 mL dechlorinated water and 1 mL of the assigned treatment solution (see below). After 12 170 h, individuals were returned to their assigned terrarium. We cultured Bd (isolate JEL 213 isolated 171 from Rana muscosa in the Sierra Nevada Mountains [USA], obtained from J. Longcore, 172 University of Maine, Orono, ME) on 1% tryptone agar plates using standard protocols (Longcore 173 et al. 1999 ). Bd zoospores were harvested using 5 mL dechlorinated water. For Bd-absent 174 treatments, we added dechlorinated water to 1% tryptone agar plates without Bd cultures. After 175 30 min, we collected the water from the plates into two solutions, one containing Bd zoospores 176 and the other that was absent of Bd zoospores. We calculated the concentrations of Bd zoospores 177 using a hemocytometer. The Bd-present treatment solution that frogs were exposed to after 178 metamorphosis contained 5.2 x 10 6 zoospores/mL. The Bd-present treatment solution that frogs 179 were exposed to before overwintering contained 2.1 x 10 6 zoospores/mL. 180
For the larval stage, we measured survival in the larval environment of all tadpoles added 181 to the mesocosms and mass and time to metamorphosis for individuals included in the terrestrial 182 portion of the study. In the terrestrial stage, we observed survival daily, and individual frogs 183
were weighed weekly to measure growth. For overwintering, we measured survival and mass at 184 the conclusion of the experiment. At the end of the experiment, frogs were euthanized using a 185 1% solution of MS-222 (tricaine methanesulfonate). 186
Statistical Analyses 187
We tested for the effect of the larval environment on the proportion of northern leopard 188 frogs surviving to metamorphosis within each pond mesocosm using analysis of variance 189 (ANOVA). We arcsine square root transformed the survival rates. Pond means of mass at 190 metamorphosis and time to metamorphosis of individuals used in the terrestrial portion of the 191 experiment were log transformed and analyzed with multivariate ANOVA. In analysis of 192 survival and mass and time to metamorphosis, the experimental unit is the mesocosm pond. For 193 all other analyses that evaluate endpoints in the terrestrial portion of the study, the experimental 194 unit in the statistical model is the individual; frogs were housed individually in the terrestrial 195 portion of the experiment. We tested for the effects of larval environment, exposure to Bd at 196 metamorphosis, and the interaction of these treatments on the survival of individuals in the 197 terrestrial environment prior to overwintering using logistic regression. We used repeated-198 measures ANOVA to determine the effects of larval environment, exposure to Bd at 199 metamorphosis, and the interaction of these treatments on mass of leopard frogs through the 200 course of the terrestrial phase of the experiment (from one week post-Bd exposure at 201 metamorphosis through just before overwintering) using log-transformed mass of individuals as 202 the repeated measure. In addition, to analyze the effects of larval environment, Bd exposure at 203 metamorphosis, and the interaction of these treatments on terrestrial growth of northern leopard 204 frogs, we used ANOVA on change in terrestrial mass (final terrestrial mass before overwintering 205 -mass at one week post Bd exposure at metamorphosis). We examined in the influence of larval 206 environment, Bd exposure at metamorphosis, and Bd exposure before overwintering on 207 overwinter survival of individuals using logistic regression. Northern leopard frogs that died 208 prior to exposure of Bd before overwintering were excluded from analyses of overwinter 209 survival. Non-significant interaction terms were removed from this model to conserve degrees of 210 freedom and improve statistical power. In preliminary analyses, we included the all the two-way 211 and three-way interactions of larval environment, Bd exposure at metamorphosis, and Bd 212 exposure before overwintering, and in this preliminary model none of the treatments or their 213 interactions were significant. To assess the effects of treatments on size of individuals over the 214 overwintering portion of the experiment, we used ANOVA to test for the effects of larval 215 way interactions of larval environments and Bd exposure at metamorphosis and before 217 overwintering on log-transformed overwinter change in mass (mass after simulated 218 overwintering -terrestrial mass before overwintering). We did not test the three way interaction 219 among larval environment, Bd exposure at metamorphosis, and Bd exposure before 220 overwintering or the two-way interaction between larval environment and Bd exposure before 221 overwintering because low overwinter survival lead to missing cell values. Pairwise differences 222 for larval survival and mass at and time to metamorphosis were evaluated for ANOVAs using 223
Scheffe's multiple comparison tests. All analyses were completed using SAS 9.2 (SAS Institute, 224
Inc., Cary, North Carolina). ANOVAs were constructed using generalized linear models (PROC 225 GLM) with a Gaussian distribution, and results were evaluated using Type III error with α=0.05. 226
Logistic regressions (PROC LOGISTIC) were built with a binary distribution and a logit link 227 function, and results were evaluated using Type III analysis of effects with α=0.05. 228
Stage-Structured Population Model 229
To model the impacts of Bd exposure on host population growth, we built stage-based to Bd before overwintering. Our models consisted of three life-history stages: pre-juvenile 234 (embryo, larva, and overwintering metamorph), juvenile, and reproductive adult. The projection 235 matrix representing a population that has not been exposed to Bd is: 236
To model the effects of Bd exposure, we reduced the overwintering metamorph survival rate 237 based on the experimental data from the current study. To represent the effects of Bd exposure at 238 metamorphosis, we reduced overwintering metamorph survival by 42%; likewise, to represent 239 the effects of Bd exposure prior to overwintering, we reduced overwintering metamorph survival 240 by 77%. 241
Mean vital rates used in elements of the matrices were drawn from scientific literature 242 (Table 1) . When possible, means vital rates were specific to northern leopard frogs. When vital 243 rates for northern leopard frogs were not available, we used vital rates of congeneric species. The 244 mean embryo and larval survival rates are based off of a field survey data for wood frogs (Rana 245 sylvatica) that found that survival from eggs to metamorphosis ranges from 0 to 5% (Berven The formula used for the mean probability of a juvenile remaining a juvenile is P 1 = ((1-255 exception of metamorph survival and adult survival as described previously (Table 1) ; standard 275 deviation for clutch size for northern leopard frogs was based on the standard deviation for 276 boreal toads (Anaxyrus boreas), a species with a similar mean clutch size, and standard deviation 277 for all other vital rates were based on a closely related species, the northern red-legged frog. 278
To determine the influence of reduced overwintering metamorph survival we calculated λ 279 at stable age distribution for 2000 replicate matrices, which were generated by randomly 280 selecting clutch sizes from a log-normal distribution and all other vital rates from β-distributions 281 that were constructed with 2000 observations using means and standard deviations in Table 1  282 based on Biek et al. (2002) . 283
Additionally, to assess the influence of vital rates on λ, the finite rate of increase of 284 population growth, on our three annual projection matrices, we used sensitivity analysis to (Table 1) . We compared sensitivity and 289 elasticity analyses across our three projection matrices to determine if Bd exposure of juveniles 290 influences which stage of a population is more vulnerable to small fluctuations in its vital rates. 291
Modeling exercises were completed in R version 3.2.1. with code adapted from Stevens (2010) . 292
293

RESULTS 294
Larval treatments impacted survival to metamorphosis, time to metamorphosis, and size 295 at metamorphosis, which set the stage for testing how host condition would influence the impact 296 of Bd on the terrestrial life stage (Table 2, Figure 1 ). Exposure of tadpoles to high-density and 297 low leaf litter reduced survival to metamorphosis compared to exposure to 40 µg/L atrazine, 298 caged fish, or the control (Figure 1a ). Small to large size classes were generated by larval 299 environmental conditions. A high density of conspecifics increased the time to metamorphosis 300 relative to the control, caged fish, atrazine, and low leaf litter treatments (Figure 1b ). Tadpoles 301 exposed to caged fish and atrazine or control conditions reached the largest mass at 302 metamorphosis (Figure 1b) , while exposure to the low leaf litter or high density of conspecifics 303 led to smaller sizes (Figure 1b) . 304 305
Hypothesis I: Suboptimal Larval Conditions Increases the Likelihood of Negative Effects of Bd 306
Exposure 307
Even though larval condition did have long-term effects on juveniles in that initial 308 differences at metamorphosis were maintained throughout the terrestrial period ( Figure 2 ), 309 individuals exposed to different larval conditions were not differentially impacted by Bd 310 exposure in growth or survival during the period before overwintering (i.e., no larval 311 environment by Bd interactions, Tables 4 and 5) . Timing of Bd exposure had a strong effect on the likelihood of surviving the winter 316 (Table 3) . Northern leopard frogs never exposed to Bd had a 73% probability of surviving the 317 winter, while those exposed to Bd at metamorphosis had a 42% reduction in survival. Individuals 318 exposed immediately prior to overwintering, however, had a 77% reduced probability of 319 surviving the winter compared to controls (Figure 3) . Likewise, larval conditions also influenced 320 overwinter survival with individuals raised with caged fish, which were the largest at 321 metamorphosis, having the highest survival probability (Table 3, Figure 1c ). Bd exposure 322 influenced mass after overwintering, as well (Table 4 ). In the absence of Bd exposure at 323 metamorphosis, frogs lost more mass when they were exposed to Bd just before overwintering. 324
However, this effect was reversed when frogs were exposed to Bd at metamorphosis: frogs 325 gained more mass when exposed to Bd at metamorphosis and before overwintering compared to 326 exposure only at metamorphosis, but low survival during overwintering resulted in low 327 replication in some treatments (Figure 4) . 328
Population Model 329
Exposures of metamorphs to Bd (modeled as decreases in overwintering metamorph 330 survival) had differential effects on the finite rate of increase of population growth, λ. In the 331 model that represented a population that has not been exposed to Bd, mean λ was 1.14. When 332 recently metamorphosed frogs were exposed to Bd, which decreased their overwinter survival 333 and probability of transitioning to the juvenile life stage by 42%, mean λ decreased by 19% 334 ( Figure 5 ). When metamorphic frogs were exposed to Bd just before overwintering, which 335 decreased their overwinter survival and probability of transitioning to the juvenile stage by 77%, 336 mean λ decreased by 41% relative to the model with no Bd exposure ( Figure 5) . 337
Sensitivity analyses across the three annual projection matrices, representing populations 338 of northern leopard frogs with no exposure to Bd, exposure of recently metamorphosed frogs to 339
Bd, and exposure of metamorphs to Bd before overwintering, showed that λ was most sensitive 340 to changes in survival from the pre-juvenile (embryo, larva, and overwintering metamorph) to 341 juvenile stage relative to other matrix elements (Table 4 ). Small changes in transition probability 342 of pre-juveniles to juveniles would cause the biggest changes in λ. Similarly, elasticity analyses 343 within each of these three projection matrices showed that λ was most elastic to changes in 344 survival from the pre-juvenile to juvenile stage relative to other matrix elements (Table 6) indicator of host quality and an indirect measure of fitness-we did not find individuals to be 358 differentially affected by pathogen exposure. However, we did find that overwinter survival was 359 disproportionally impacted by pathogen treatment. Our study is the first to demonstrate how the 360 impact of pathogen exposure can appear to be "no effect" for a period of time (12 weeks) and 361 then result in dramatically high overwinter mortality. Our models of population growth rates 362 support the potential that decreases in overwinter survival could have negative impacts on at the 363 population level. Although Bd has been found to cause local extinction of hosts (Skerratt et al. 364 2007), local extirpation during overwintering has not been directly observed and could offer an 365 explanation for enigmatic declines especially for temperate species. 366
Hypothesis I: Suboptimal Larval Conditions Increase the Likelihood of Negative Effects of Bd 368
Exposure 369
Exposure to stressors during early life stages can have lasting impacts on health, 370 increasing susceptibility to infectious pathogens during later life stages (Rohr et al. 2013 ). We 371 predicted that exposure to suboptimal larval conditions could increase the effects of pathogen 372 exposure on host growth (e.g., Caseltine et al. 2016) and survival (e.g., Burrow et al., in review), 373 but we found no support for this effect. The lasting effects of larval condition on host body size 374 demonstrate that varying larval conditions did indeed have effects on host quality. The different 375 size classes of hosts that were generated by different larval conditions were sustained over the 376 course of the experiment; yet, hosts exposed to larval conditions that resulted in smaller size did 377 not have increased vulnerability to the effects of Bd exposures compared to hosts exposed to 378 larval conditions that resulted in larger size as we predicted based on previous evidence of 379 Our results suggest that the ability of hosts to defend against pathogens is not impacted 384 by larval condition to a level that would increase susceptibility in this system. Larval condition 385 may not impact factors believed to reduce vulnerability to Bd, including rate of skin sloughing 386 Based on the results of our study, we propose that pathogen exposures in temperate 450 climates across host taxa can differentially alter components of host fitness (e.g., survival) 451 according to season, leading to decreases in population growth rates. We hypothesize that 452 population declines of hosts in temperate climates could result from disease development during 453 overwintering, which is a pattern that has been observed in bats with white-nose syndrome 454 In conclusion, our results show that suboptimal larval conditions do not alter the impacts 479 of pathogen exposure on host growth and survival during the first year of life in this system. 480
Instead, our results suggest that hosts exposed to pathogens could suffer lower overwinter 481 survival, which could have formative effects on population growth and persistence by reducing 482 recruitment of breeding adults. Reduced resources and temperatures during winter may change 483 host-pathogen interactions compared to tropical regions resulting in differences in disease 484 dynamics that could shape amphibian populations in the Midwest, a region generally not 485 believed to be influenced by Bd-related declines. Our results point to the need to evaluate the 486 influence of overwintering on natural host-pathogen interactions in temperate climates, a topic 487 that is understudied in the field of infectious disease. For hosts across taxa that overwinter in 488 covert locations including amphibians, arthropods, reptiles, and small mammals, the impacts of leopard frog larvae exposed to varying larval environments (control, high density of 708 conspecifics, low leaf litter, 40 µg/L atrazine, caged blue gill). Plotted values are means ± 1 709 binomial SE. B.) Time to metamorphosis and mass at metamorphosis for northern leopard frog 710 larvae exposed to varying larval environments (control, high density of conspecifics, low leaf 711 litter, 40 µg/L atrazine, caged blue gill). WXYZ corresponds with differences among treatments 712 for time to metamorphosis. ABCD corresponds with differences among treatments for mass at 713 metamorphosis. Plotted values are means ± 1 SE. C.) Overwinter survival of northern leopard 714 frog metamorphs exposed to varying larval environments (control, high density of conspecifics, 715 low leaf litter, 40 µg/L atrazine, caged blue gill). Plotted values are means ± 1 binomial SE. 
